The use of 222 Rn, a naturally occurring radioactive isotope, was investigated as a partitioning tracer to detect and quantify the amount of non-aqueous-phase liquids (NAPLs) in contaminated aquifers. Diesel fuel was chosen as a model NAPL. The diesel fuel-water partition coefficient for 222 Rn was 40 ( 2.3, in bottles containing diesel fuel and water at 12°C. In water-saturated quartz sand contaminated with diesel fuel, the 222 Rn emanating from the sand partitioned between diesel fuel and water as expected based on this partition coefficient. In a column containing uncontaminated quartz sand, the 222 Rn activity in infiltrated water increased from <0.2 to 4.9 kBq m -3 , and in a subsequent column containing diesel fuel-contaminated quartz sand, the 222 Rn activity in the water phase decreased to 3.3 kBq m -3 . This decrease corresponds to what has been predicted using a mathematical model. At a contaminated field site, the 222 Rn activity of groundwater decreased by about 40% between monitoring wells upgradient of the contaminated zone and monitoring wells within the contaminated zone. On the basis of this decrease, the average diesel fuel saturation was estimated using the mathematical model. The calculated diesel fuel saturation was in the range of that found in excavated aquifer material.
Introduction
Contamination of aquifers by non-aqueous-phase liquids (NAPLs) is a common environmental problem. To assess the risk of NAPL contamination and to design appropriate remediation measures, the amount, distribution, and composition of NAPL in an aquifer needs to be known. NAPL contamination is usually located and quantified by analysis of core samples of bore holes. However, laboratory experiments and theoretical considerations have revealed that the volume of core samples is often too small to yield a representative average NAPL saturation (1) . Partitioning tracer methods may be more accurate because they involve much larger volumes of aquifers (2) . Furthermore, the same monitoring well can be used for repeated determinations of the NAPL saturation since the methods rely on the quantification of dissolved species and need only water samples.
Partitioning tracer methods were originally developed to determine residual oil saturation in oil reservoirs (3, 4) .
Recently, the methods have been adapted to locate and quantify NAPL contamination (2, 5, 6) . These methods usually consist of the simultaneous injection of a conservative nonpartitioning tracer along with one or several specific partitioning tracers. Partitioning tracers should partition between the NAPL and water phases, but should not be retarded in the absence of NAPL. On the basis of the retardation of the partitioning tracer relative to the non-partitioning tracer, the average NAPL saturation is calculated. The calculation relies on the assumption that a partitioning equilibrium is established between the NAPL and the water phase [local equilibrium assumption (5) ]. So far, SF 6 (5, 6) and various alcohols (2) have been used as partitioning tracers to detect NAPL contamination. The aim of our study was to investigate the feasibility of the use of 222 Rn, a naturally occurring radioactive isotope, to detect and quantify NAPL contamination in aquifers. 222 Rn is produced by the R-particle decay of 226 Ra, an isotope of the natural radioactive decay series of 238 U. 222 Rn itself decays by an R-particle decay with a half-life of 3.8 days to a series of short-lived daughter products ( 218 Po, 214 Pb, 214 Bi, 214 Po). The 222 Rn activity can be determined based on the radioactive decay of 222 Rn and its daughter products (7, 8) . 222 Rn is a chemically inert noble gas; however, it partitions into benzene, toluene, octanol, and other NAPLs (7, 9) . Its physical-chemical properties are summarized in Table 1 .
222
Rn emanates from minerals that contain 226 Ra to the surrounding gas or water phase by R-recoil and diffusion (10) (11) (12) (13) . Surface waters usually contain little 222 Rn since 222 Rn is released into the atmosphere. When surface water infiltrates into the subsurface, the 222 Rn activity in the infiltrated water increases until a steady state between emanation and radioactive decay is reached (14, 15) . The 222 Rn activity in the water phase at this steady state is denoted as emanation-decay steady-state 222 Rn activity throughout the text. The time necessary to establish the emanationdecay steady-state 222 Rn activity is about 5 half-lives (20 days). Hoehn and von Gunten (14) used the ingrowth of 222 Rn to assess underground residence times of bank infiltration. In their study, 222 Rn was transported without retardation in the absence of NAPL contamination, indicating that 222 Rn did not sorb to the aquifer matrix. When groundwater, which contains 222 Rn at emanation-decay steady-state activity, migrates into a NAPL-contaminated zone of an aquifer, a decrease of the 222 Rn activity in the water phase is expected due to the partitioning of 222 Rn between water and NAPL. After the groundwater leaves the NAPL-contaminated zone, the 222 Rn activity in the water phase is expected to return to the original emanation-decay steady-state value.
In this study, we investigated whether a decrease in the 222 Rn activity of groundwater in a NAPL-contaminated zone can be used to detect and quantify the contamination. Diesel fuel was chosen as a model NAPL. The diesel fuel-water partition coefficient was determined in bottles with 222 Rn containing water and diesel fuel. The partitioning of 222 Rn between diesel fuel and water was studied in batches and columns filled with water-saturated quartz sand from which 222 Rn emanated. The aim of the batch experiments was to evaluate whether the partitioning of 222 Rn at steady state corresponded to that expected based on the diesel fuel-water partition coefficient despite the continuous emanation and decay of 222 Rn. In the column study, the partitioning of 222 Rn between diesel fuel and water during advective transport was investigated and compared to the results of a mathematical model that relates NAPL saturation to 222 Rn activities. In addition to the laboratory experiments, 222 Rn activities were measured in groundwater samples from a diesel fuel-contaminated aquifer to evaluate whether the 222 Rn method has the potential to be used to detect and quantify NAPL saturation in the field.
Theory
Processes that govern the transport of partitioning tracers other than 222 Rn injected into aquifers have been mathematically described elsewhere (2, 16) . These equations do not apply to 222 Rn since 222 Rn emanates continuously from mineral surfaces and is subject to radioactive decay. Equations were established here that describe the activity of 222 Rn in NAPLcontaminated aquifers. The equations rely on the following assumptions: (i) the average distribution of 226 Ra, the parent nuclide of 222 Rn, in the solid phase is homogeneous on the macroscopic scale (14) ; (ii) the porosity of the aquifer material is constant; (iii) losses of 222 Rn from the saturated to the unsaturated zone can be neglected; (iv) the partitioning of 222 Rn between the NAPL and water phase is in equilibrium; (v) the partition coefficient is independent of the NAPL saturation; (vi) the NAPL phase is immobile, and (vii) sorption of 222 Rn to the matrix is neglected. Based on these assumptions, a one-dimensional mass balance equation for 222 Rn was established (eq 1) that takes into account advective and dispersive 222 Rn transport, 222 Rn emanation from mineral surfaces, 222 Rn decay, and partitioning of 222 Rn between the NAPL and water phase. The equation was derived in analogy to equations given by van Genuchten and Alves (17): where t is time (s), x is the flow distance (m), S is the NAPL saturation of pore space (volume of NAPL divided by volume of pore space) (-), θ is the porosity (-), A is the 222 Rn activity in water phase at location x at time t (kBq m -3 ), A NAPL is the 222 Rn activity in NAPL phase at location x at time t (kBq m -3 ), q is the specific discharge of groundwater (m s . Dividing eq 7 by eq 6 leads to According to eq 8, A e S>0 is expected to decrease with increasing NAPL saturation S.
Column Experiment. For the flow-through columns, eq 3 was solved neglecting dispersion since transport of dissolved species was assumed to be dominated by advection. If necessary, there is also an analytical solution that includes dispersion (17) . The following solution of eq 3 is obtained for steady-state conditions (∂A/∂t ) 0):
where κ x (m -1 ) is given by 
A e S)0
and A0 is the 222 Rn activity in water phase at x0 (kBq m -3 ). A approaches Ae as x becomes large. Ae corresponds to A e S>0 for NAPL-contaminated columns (eq 6) and to A e S)0 for uncontaminated columns (eq 7). While eq 8 can be used to estimate the NAPL saturation based on A e S>0 and A e S)0 , eq 9 describes how quickly A e S>0 and A e S)0 are approached. The 222 Rn emanation rate P, the density of the aquifer material F, and the porosity θ do not have to be known if they are similar in the uncontaminated and the contaminated column.
Experimental Set-up and Field Site
Diesel Fuel-Water Partition Coefficient. The diesel fuelwater partition coefficient for 222 Rn was determined in bottles containing tap water and diesel fuel using a method similar to that used for the determination of octanol-water partition coefficients (18) . Six bottles were filled with tap water. Analysis of tap water before and after filling showed that the 222 Rn activity in the tap water remained constant. Afterwards, 18 mL of diesel fuel was added to every other bottle. The bottles were shaken at 12 °C. In bottles without diesel fuel, the 222 Rn activity in the water phase was measured at 0, 7, and 31 h after filling; in bottles with diesel fuel, the 222 Rn activity was measured at 3, 5, and 24 h after filling. The measurement made after 24 h of shaking confirmed that a partitioning equilibrium had been reached at the earlier sampling times. The intervals between the measurement of the contaminated and the uncontaminated samples were due to the fact that one measurement took approximately 2 h. The measured 222 Rn activities were corrected for the time difference between filling of the bottles and measurement. For each bottle with diesel fuel, the 222 Rn activity in the diesel fuel phase was calculated from the 222 Rn activity in the water phase and the 222 Rn activities in the corresponding bottle without diesel fuel. The diesel fuel-water partition coefficient, K, was obtained by dividing the calculated 222 Rn activity in the diesel fuel phase by the measured 222 Rn activity in the water phase (eq 2). The three values for K were averaged, and the standard uncertainty was calculated.
Batch Experiment. Two batch experiments were performed with the same purified natural quartz sand (Zimmerli/ Carlo AG, Zurich, Switzerland) as was used in the 222 Rn study of Hoehn et al. (15) . The grain size distribution of sand no. 1 used for the batch series 1 was slightly different from that of sand no. 2 used for batch series 2 and the column study ( Table 2 ). Since the sand did not contain organic carbon (manufacturers specification), sorption of 222 Rn to the sand could be excluded. All experiments were performed at 12°C, which corresponds to the average groundwater temperature at the investigated field site. Since the moisture content of the aquifer material affects the distribution of NAPLs (19) and the aquifer material at the field site was most probably wet at the time of the contamination, the quartz sand was saturated with water before contamination. The watersaturated sand was mixed with diesel fuel (ESSO, Schlieren, Switzerland) for 10 min using an electric mixer. Separatory funnels (2 L) were filled completely with the quartz sand and closed with glass stoppers without any headspace. In each batch series, two separatory funnels were filled with watersaturated uncontaminated quartz sand, and three of them were filled with water-saturated quartz sand contaminated with diesel fuel. The porosity of this sand was determined to be 0.46 ( 0.02, based on the volume of water added to the dry sand and the total volume of the water-saturated sand in the separatory funnels. The high porosity is due to the narrow grain-size distribution of the sand (Table 2) and is in the same as those found in sand columns used by other investigators (e.g., ref 5) . From each separatory funnel containing contaminated sand, three samples were taken before filling and three samples were taken after the experiment in order to test the homogeneity of the diesel fuel contamination. The samples were analyzed for total hydrocarbon concentration by IR spectrometry. The separatory funnels were stored at 12°C for 4 weeks without shaking. According to eq 5, after 4 weeks, the deviation between the actual 222 Rn activity and the emanation-decay steady-state 222 Rn activity is expected to be less than 1%. After 4 weeks, the water was drained from the separatory funnels into 120-mL vials using a glass tube of 36 cm length and 2 mm inner diameter. The 222 Rn activities in these samples were measured using the RAD7 instrument (see below). A sample volume of 50 mL was extracted with CCl 4 to determine dissolved hydrocarbon concentrations (see below). The filled separatory funnels are referred to as batches throughout the text.
Column Experiment. For the column experiment, the same quartz sand was used as was for the batch series 2 ( Table 2 ). The dimensions and operation parameters of the columns are given in Table 3 . The size of the columns was chosen based on the minimal sample volume necessary (120 mL) and the required residence time (13 days) of the water in the columns to reach 90% of A e S)0
. The columns had a sieve plate at the bottom, which was covered with glass wool, and lateral sampling ports. The sampling ports were fitted with stainless steel hypodermic needles of an inner diameter of 1.6 mm (Unimed, Geneva, Switzerland). Both columns were placed in a vertical position. Column 1 was filled with water-saturated uncontaminated quartz sand; column 2 was filled with quartz sand contaminated with diesel fuel as described for the batch experiment. During the filling of column 2, nine samples of sand were taken from different filling depths and analyzed for total hydrocarbon concentration by IR spectrometry. The columns were connected with steel capillaries and operated with distilled water using a JASCO HPLC pump (JASCO Corporation, Tokyo, Japan). The water contained 10 mM CaCl 2 to obtain an ionic strength similar to that at the studied field site. The water flowed first through column 1 (uncontaminated) and then through column 2 (contaminated). The mean residence time of the water, the effective porosity, and the dispersion coefficient were determined by a tracer test with Br -. NaBr was added to the water at a concentration of 1 mM during 8 weeks. The breakthrough curves were analyzed using the numerical model code CXTFIT2 (20) . The transport parameters were similar for both columns (Table 3) . After 8 weeks of operation, water samples were taken to measure the 222 Rn activities. The flow was then stopped for 4 weeks after which time water samples were again taken. At flow conditions, the water samples were taken starting at the column outlet, whereas at no flow conditions, sampling was started at the column inlet to minimize the disturbance. For sampling, a glass syringe of 120-mL volume (Merck, Dietikon, Switzerland) was connected to the steel needles of the sampling ports and allowed to fill within 20 h at a rate of 6 mL h -1 . In tests with glass syringes filled with 222 Rn-containing water, no losses of 222 Rn except for decay could be observed within 30 h. At the sampling port at 10 cm, the 222 Rn activity at no flow conditions was not determined because it is likely that the sample would be influenced by water from the column inlet during sampling. The water samples were transferred to 120-mL sampling vials, and the 222 Rn activity was immediately measured. The measured 222 Rn activities were corrected for decay during the time between sampling and measurement.
Field Site. The field site (Figure 1 ) is located in central Switzerland, 555 m above sea level, and represents a hydrogeological situation typical for the perialpine belt of Switzerland. The shallow unconfined valley-fill aquifer consists of glaciofluvial outwash deposits (sand and gravel; saturated thickness 2-8 m), which usually contain less than 1.5 ‰ (w/w) organic carbon (21 m below the surface. On the basis of the average hydraulic conductivity (0.5 × 10 -3 m s -1 ), the estimated porosity (0.19), and the hydraulic gradient (2-3%), an average flow velocity of 4.5-7 m d -1 at natural gradient flow was calculated using Darcy's law. The average temperature of the groundwater was 12°C.
The aquifer was contaminated in 1988 by 10-12 m 3 of diesel fuel from a leaking storage tank of a gas station. After discovery of the contamination, contaminated material in the vicinity of the tank (5-10 m) was excavated, floating diesel fuel in free phase was removed by pumping, and an in situ bioremediation scheme was implemented. The initial hydrocarbon concentrations were between 0.9 and 2.5 mg kg -1 (S ) 1.5-4%) in drilling cores, between 5.5 and 8.6 mg kg -1 (S ) 9-14%) on the northern boundary of the excavated zone, and up to 72 g kg -1 (S ) 100%) below the location of the tank. The diesel fuel saturation was calculated assuming a porosity of 0.19 and a density of the aquifer material of 2.5 kg L -1 . The field site and remediation measures are described in more detail elsewhere (22, 23) . Groundwater samples for 222 Rn were taken as described in ref 14 .
Analytical Methods

Analysis of 222
Rn Activities. In the water samples from the laboratory experiments, 222 Rn activities were measured with a Niton RAD7 instrument and a RAD-H 2O attachment (both from Niton Corporation, Bedford, MA). The RAD-H 2O attachment transfers 222 Rn from the water sample to the measurement cell by purging 222 Rn out of the sample during 5 min in a closed loop filled with air. According to the manufacturer, the stripping efficiency of the 222 Rn is 94% for 250-mL sample vials and 99% for 40-mL sample vials. For the 120-mL vials that were used in the laboratory experiments, a stripping efficiency of 97% was assumed. Dissolved hydrocarbons at concentrations measured in the experiments (<3.5 mg L -1 ) did not influence the efficiency of 222 Rn stripping. In the measurement cell of the RAD7, the 222 Rn activity is determined after electrostatic collection of R emitters on a solid-state detector based on the 218 Po R-decay. After the secular equilibrium between 222 Rn and 218 Po was established (15 min), the decay of 218 Po (T1/2 ) 3.05 min) was counted four times during 45 min. The detection limit is 0.2 kBq m -3 for 120-mL vials. The standard deviation of the measurement is (10%. In field samples, 222 Rn activities were measured by liquid scintillation counting (LSC) except for samples taken on October 29, 1996, for which the Niton RAD7 was used. Filling of the sampling bottles, extraction of 222 Rn from the water into a scintillation liquid (toluene basis), measurement of the decay of 222 Rn and four daughter products with LSC, and the calculation of the 222 Rn activity at the time of sampling is reported in Hoehn and von Gunten (14) . Instrument signals were converted to 222 Rn activities and expressed in kBq m -3 . The detection limit of the LSC method is 0.02 kBq m -3 . The standard deviation of the measurement is (20% (14) .
Analysis of Hydrocarbon Concentrations. To determine the hydrocarbon saturation of the contaminated quartz sand, 20 g of contaminated sand was dried with 8 g of Na 2SO4 and extracted with 30 mL of CCl 4 by shaking at 250 rpm in a closed flask on a rotary shaker for 48 h at 25°C. Hydrocarbon concentrations in the extracts were quantified using IR spectrometry and diesel fuel standards (24) .
For the analysis of dissolved hydrocarbons in field samples, 1-L glass bottles were completely filled and sealed with Teflonlined covers. To determine concentrations of dissolved hydrocarbons, 400 mL of water was extracted twice with 20 mL of CH 2Cl2 (B+J Brand High Purity Solvent, Fluka AG, Buchs, Switzerland) containing the surrogate standard o-terphenyl. The hydrocarbons were analyzed and quantified with capillary GC as described in Bregnard et al. (24) . The detection limit was at 0.01 mg L -1 . The standard uncertainty was (20%. The reported uncertainties of all measured values are standard uncertainties determined according to ref 25 . Uncertainties of calculated values were estimated using the law of propagation of uncertainty (25) .
Results and Discussion
Diesel Fuel-Water Partition Coefficient. In bottles containing diesel fuel and water, the diesel fuel-water partition coefficient of 222 Rn was determined to be 40 ( 2.3 at 12°C (n ) 3). The diesel fuel-water partition coefficient was similar to the toluene-water partition coefficient, which is 42 at 10°C (7). It was also in the range of the partition coefficients of SF 6 (5), which is 32 ( 1.33 for water-trichloroethylene, 24
( 1.27 for water-dichloromethane, and 45 ( 1.89 for watero-dichlorobenzene. Batch Experiment. In the batches, the relative standard deviation of the diesel fuel concentration was below 8% (n ) 6). This suggests that the distribution of the diesel fuel was quite homogeneous. In both batch series, the 222 Rn activity in the water phase decreased with increasing diesel fuel saturation as was expected from eq 8 ( Table 4) . 222 Rn activities in water samples of batches with a similar diesel fuel saturation corresponded within the range of uncertainty. For batches without contamination, the 222 Rn activity was higher in batch series 2 than in batch series 1. The higher 222 Rn activities in batch series 2 can be explained by the higher fraction of small grains in the sand of batch series 2 ( Table 2 ). The small grains release a larger fraction of the 222 Rn than large grains due to their higher surface area (10) . In Figure 2 , the ratio of the average 222 Rn activity in water from separatory funnels without contamination to the 222 Rn activity in water from separatory funnels with contamination (A e /A e S>0 on S was found, suggesting that the partition coefficient of 222 Rn is independent of the diesel fuel saturation in the studied range of diesel fuel saturation. Based on the linear relation between A e S)0 /A e S>0 and S given by eq 8, the diesel fuel-water partition coefficient K of 222 Rn and its standard uncertainty were calculated using linear regression [least square method (26)]. A diesel fuel-water partition coefficient of 45 ( 2.0 at 12°C was obtained for diesel fuel saturation of up to 2.4%. The calculated partition coefficient of 222 Rn was similar to the partition coefficient determined in the bottles with tap water and diesel fuel (40 ( 2.3) . Thus, the disperse distribution of the diesel fuel in the sand and the continuous 222 Rn emanation and radioactive decay did not impair the 222 Rn partitioning between the diesel fuel and water.
Column Experiment/No Flow Conditions. At no flow conditions, the 222 Rn activity was similar in water samples from all sampling ports of column 1, indicating that the 222 Rn emanation was constant throughout the columns (Table 5) . Furthermore, the average 222 Rn activity in water samples from column 1 (5.46 ( 0.15 kBq m -3 ) corresponded to the average 222 Rn activity in water samples from the uncontaminated batches of batch series 2 (5.55 ( 0.26 kBq m -3 ; Table 4 ). In the contaminated column 2, the 222 Rn activities were also similar at all sampling ports (Table 5 ). This confirms that the diesel fuel was homogeneously distributed. The measured average 222 Rn activity in water from column 2 (3.53 ( 0.16 kBq m -3 ; Table 5 ) corresponded to the expected 222 Rn activity in water from column 2 (3.38 ( 0.18 kBq m -3 ). The expected activity was based on the measured diesel fuel saturation S in column 2, the diesel fuel-water partition coefficient K from the batch experiment, and the average 222 Rn activity at no flow conditions in column 1 using the linear relation between A e S)0 /A e S>0 and S. This relationship was derived in the theory section (eq 8) and verified in the batch experiments (Figure 2) .
Column Experiment/Flow Conditions. At flow conditions, the 222 Rn activity in the water phase increased in the uncontaminated column 1 with increasing column length or residence time (Figure 3 ). In the contaminated column 2, the 222 Rn activity in water samples decreased with increasing column length (Figure 3 ). To evaluate whether the observed 222 Rn activities in the water phase approached the no flow 222 Rn activities as predicted by the model, the expected 222 Rn activities were calculated using eq 9. The parameters required in eq 9 were obtained as follows: the diesel fuel-water partition coefficient K was taken from the batch experiment, S corresponded to the measured diesel fuel saturation, and A e S)0 and A e S>0 corresponded to the average 222 Rn activity measured at no flow conditions in columns 1 and 2, respectively. In both columns, the measured 222 Rn activities agreed with the predicted values ( Figure 3) . In column 2, at 60, 90, and 120 cm, the deviation between the 222 Rn activities at flow conditions and the 222 Rn activities at no flow conditions was within the range of uncertainty of the measurement. This suggests that a residence time in the contaminated zone of at least 6.4 days (sampling port at 60 cm) is required before measured aqueous 222 Rn activities can be used to estimate the diesel fuel saturation using eq 8.
To evaluate the accuracy of the 222 Rn method in determining NAPL saturation, the diesel fuel saturation in column 2 was calculated using the linear relation between A e S)0 / A e S>0 and S that was derived in the theory section (eq 8) and verified in the batch experiments. For A e
S>0
, the average of the 222 Rn activities measured in column 2 at 60, 90, and 120 cm at flow conditions was taken (3.43 ( 0.20 kBq m -3 ). For A e
S)0
, the 222 Rn activity measured at flow conditions in column 1 at 120 cm (4.9 ( 0.32 kBq m -3 ) was used. The diesel fuel-water partition coefficient K was taken from the batch experiment. From these values, the calculated diesel fuel saturation was 1.0 ( 0.28%, which is slightly lower than the measured diesel fuel saturation (1.4 ( 0.06; Table 3 ). The deviation between the calculated and the measured diesel fuel saturation was due to the fact that A e S)0 was not reached in column 1 (Figure 3) . If the average no flow 222 Rn activity in column 1 was used for A e S)0 , a diesel fuel saturation of 1.4
( 0.17% would be obtained that corresponded to the measured diesel fuel saturation.
222 Rn Activities at the Field Site. At the field site, groundwater samples were taken three times at natural gradient flow conditions to determine the 222 Rn activities. The 222 Rn activities measured in the monitoring wells KB2, KB8, and KB9 were assumed to represent A e S)0 (Table 6) . A regional flow model indicated that the groundwater was in the aquifer for more than 20 days before these wells were reached (unpublished data), and the wells are situated upgradient of the diesel fuel-contaminated zone. 222 Rn activities significantly smaller than the average value of the wells KB2, KB8, and KB9 are referred to as 222 Rn deficits (Table  6 ).
In the monitoring wells KB7, S6, S7, and S8, a 222 Rn deficit was observed at all sampling days (Table 6 ). In the wells KB1, KB3, and KB15, a 222 Rn deficit was observed only at one or two sampling days (Table 6) . 222 Rn deficits were only found in monitoring wells within the zone that was initially contaminated with non-aqueous-phase diesel fuel. However, the extension of the initially contaminated zone did not necessarily correspond to the extension of the contaminated zone at the time of the 222 Rn activity measurements. To establish the correlation between the 222 Rn deficits and the presence of diesel fuel, dissolved hydrocarbon concentrations were measured on October 18, 1995. Except for KB1, all monitoring wells that contained dissolved hydrocarbons above the detection limits showed a 222 Rn deficit (Figure 4 ). This provides further evidence that the 222 Rn deficit was due to the presence of the diesel fuel. However, there is no quantitative correlation between dissolved diesel fuel and the diesel fuel saturation.
Estimation of the Diesel Fuel Saturation. The 222 Rn activities measured in groundwater samples from the wells KB7, S6, S7, and S8 were used to estimate the remaining diesel fuel saturation from the location of the former tank to the wells of cross section B-B′ (Figure 1 ) after the end of the in situ bioremediation. The values measured in 1994 were not included in the calculation because the in situ bioremediation was re-implemented between October 1994 and May 1995. The diesel fuel saturation was estimated using the linear relation between A e S)0 /A e
S>0
, and the diesel fuel saturation S (eq 8). A e S)0 was assumed to correspond to the average of the 222 Rn activities measured in groundwater from the wells KB2, KB8, and KB9. The value for K was taken from the batch experiment. The ratio A e S)0 /A e S>0 was between 1.45 and 1.86 for the wells KB7, S6, S7, and S8 in 1995 and 1996 with an average value of 1.67 ( 0.15 (n ) 7). On the basis of this value, an average diesel fuel saturation of 1.5 ( 0.35% was obtained. The calculated value is in the range of the value measured in an aquifer sample excavated from the contaminated zone in November 1992, when a diesel fuel saturation of S ) 1.9% was found (24) . However, in 1992, aquifer material was excavated only at one location.
The diesel fuel saturation that was calculated based on the 222 Rn activities in groundwater has to be considered as a rough estimation of the actual diesel fuel saturation for several reasons:
(1) In aquifers, diesel fuel and other NAPLs are usually heterogeneously distributed while the equation used to calculate the diesel fuel saturation relies on the assumption of a homogeneous NAPL distribution. Furthermore, the laboratory experiments made to verify the equations were performed using a homogeneous diesel fuel saturation.
(2) Mixing of groundwater from the contaminated zone with groundwater from the uncontaminated zone can lead to an increase of the 222 Rn activity in the groundwater sample and thus to a lower calculated NAPL saturation (eq 8).
(3) If the residence time of the groundwater in the contaminated zone is low, the emanation-decay steady-state 222 Rn activity may not be reached (see column experiment). If the emanation-decay steady-state is not reached in the contaminated zone, the NAPL is underestimated when calculated using eq 8.
Further investigations will focus on the effect of these three factors on 222 Rn activities in the field and thus on the calculated diesel fuel saturation.
Comparison of 222 Rn with Artificial Partitioning Tracers.
Compared to artificially injected partitioning tracers, 222 Rn has an advantage to be naturally present in aquifers, whereas the addition of an artificial tracer to a large groundwater volume requires an expensive groundwater injection scheme. To quantify the NAPL saturation, 222 Rn activities need to be measured, in principle, only once, while the use of artificial tracers requires many measurements to obtain complete breakthrough curves (2, 6) . To use 222 Rn as a partitioning tracer, the 222 Rn emanation rate must be constant in the aquifer. This can be verified by measuring 222 Rn activities in the water phase at several locations in the uncontaminated zone. Similarly to other partitioning tracers, 222 Rn reflects the NAPL saturation along flow paths of the groundwater and not necessarily the average saturation in a given volume of the aquifer. Variations of the hydraulic conductivity due to variations of the geological structure or due to the presence of NAPL at a high saturation may cause the groundwater to bypass the NAPL-contaminated zone. This may lead to an underestimation of the actual NAPL saturation (6) . In addition, mass transfer limitations may cause an underestimation of the NAPL saturation (6) . When using 222 Rn as a partitioning tracer, the diesel fuel saturation close to the monitoring well is weighted more strongly than the NAPL saturation further away since 222 Rn activities re-equilibrate in response to changing NAPL saturation. Furthermore, 222 Rn activities increase again once the groundwater has left the zone of NAPL contamination. Therefore, monitoring wells used to determine 222 Rn activities should be located close to or within the NAPL-contaminated zone.
